This study examined the contribution of nitric oxide (NO) to the susceptibility or resistance to the hypertensive effects of high sodium chloride (8.0% NaCI) intake in young Dahl/Rapp salt-sensitive (SS/Jr) and salt-resistant (SR/Jr) rats. Using NG-monomethyl-L-arginine (L-NMMA) as a probe for NO production in vivo, we found that increasing dietary sodium choride increased NO activity in salt-resistant rats, but not in salt-sensitive rats. Exogenous L-arginine, the substrate for NO synthesis, decreased blood pressure to normotensive levels in saltsensitive rats made hypertensive for 2 wk from 8.0% NaCl chow. D-Arginine had no effect on blood pressure of these rats and L-arginine did not change blood pressure of salt-resistant rats. Intraperitoneal injections of L-arginine and its precursor, L-citrulline, and oral L-arginine, but not D-arginine, prevented the increase in blood pressure in salt-sensitive rats on the high salt chow over 2 wk of observation. In contrast, L-arginine did not alter the development of hypertension in spontaneously hypertensive rats. Mean urinary cGMP levels were higher in salt-sensitive rats on oral L-arginine than salt-sensitive rats on D-arginine. Infusion of L-NMMA acutely decreased, whereas intravenous L-arginine rapidly increased, urinary cGMP in both groups. L-Arginine and L-citrulline increased production of NO and prevented salt-sensitive hypertension in Dahl/Rapp rats. (J. Clin. Invest. 1991. 88:1559-1567
Introduction
With the growing interest in the vascular endothelium as an endocrine organ that secretes vasodilatory and vasoconstrictor hormones (1, 2) , recent studies have shown that endothelial cells secrete an important paracrine hormone, endothelium-derived nitric oxide (3) . Nitric oxide (NO)' has a short biologic half-life (4) and produces vasodilation by relaxation of smooth muscle cells of several arterial resistance vessels, including the renal vasculature (5) , by increasing cGMP through activation of cytosolic guanylate cyclase (4, 6) . The enzyme involved in the production of NO has been termed nitric oxide (NO) synthase and is stereoselective, utilizing L-arginine but not D-arginine as the substrate to produce nitric oxide (4, 7, 8) . NO synthase is competitively inhibited by N0-monomethyl-L-arginine (L-NMMA) (4, 7, 9, 10) or by other L-arginine molecules that have substitutions on the guanidino nitrogen atoms (4, 10) . L-NMMA serves as a chemical probe ofNO production in vivo and in vitro. Intravenous infusion of L-NMMA produces rapid increases in blood pressure in humans (11) , rats (5, 12) , rabbits (9) , and guinea pigs (2) ; this increase in blood pressure is reversed with intravenous infusion ofL-arginine. Thus, production of NO is an important determinant of resting arteriolar tone.
The pioneering work of Lewis K. Dahl produced from the Sprague-Dawley line two strains ofrats that were either susceptible (S) or resistant (R) to the hypertensive effects ofa high salt (8.0% NaCl) diet (13, 14) . The Dahl S and R rats were inbred by John P. Rapp for 20 generations to yield two strains that were each homozygous at almost 100% ofall genetic loci, thus fixing the characteristics of the strains (14) . These Dahl/Rapp rats were either salt-sensitive (SS/Jr) or salt-resistant (SR/Jr). On an 8.0% NaCl diet, the SS/Jr rats rapidly and uniformly developed hypertension and died by 12 wk of age (14) . Thus, the Dahl/ Rapp strains provide excellent models to investigate salt-sensitive hypertension and salt resistance.
We postulated that NO participates in the blood pressure response to changes in dietary sodium chloride intake. The purpose of this study was to examine the role of NO in the prevention and production ofsalt-sensitive hypertension in the SS/Jr and SR/Jr Dahl/Rapp rats.
Methods

Protocols
Series I (L-NMMA protocol). To examine the effect ofdietary NaCl on the response to L-NMMA and L-arginine in vivo, male, 2 1-d-old, saltsensitive (SS/Jr) and salt-resistant (SR/Jr) Dahl/Rapp rats (Harlan Sprague-Dawley, Indianapolis, IN) were maintained on tap water and either 0.3% NaCI or 8.0% NaCl chow (both from Dyets, Inc., Bethlehem, PA) ad libitum for 2 wk. The diets were identical in composition except for the NaCl content. They were then anesthetized with ethyl,1-methylpropylthiobarbiturate (Inactin; BYK Gulden, Hamburg, FRG), 100 mg/kg body wt, i.p., and placed on a servo-controlled heated table.
Rectal temperature, which was maintained at 370C, was monitored with a telethermometer (Yellow Springs Instrument Co., Yellow Springs, OH). Tracheostomy was performed with polyethylene PE-240 tubing, followed by catheterization of the right external jugular vein with PE-50 tubing for infusion of Ringer-bicarbonate with 8% polyfructosan (Inutest; Laevosan-Gesellschaft, Linz, Austria) at 1.2 ml/I00 g body wt/h after a l-ml bolus; this infusion was maintained throughout the experiment. The left external jugular vein was then cannulated with PE-50 tubing for administration of drugs during the experiment. The right femoral artery was cannulated to record arterial blood pressure using a unigraph (model ICT-IH; Gilson Medical Electronics, Middleton, WI) and to sample blood. The bladder was catheterized through a suprapubic route for urine collection. After a 60-min equilibration period, arterial blood samples were collected for determination of hematocrit and plasma concentrations of inulin, sodium, and chloride. Two 30-min inulin clearances were obtained, then N0-monomethyl-L-arginine (L-NMMA) (Sigma Chemical Co., St. Louis, MO) was given intravenously as a bolus, 50 mg/kg body wt, followed by continuous infusion at 500 ,g/kg body wt/min. This dose of L-NMMA was similar to that used by Tolins et al. (12). 10 min after infusion began a 30-min inulin clearance was performed. Mean arterial pressure (MAP) was recorded 30 min after the bolus was given. At the completion of the clearance, the infusion of L-NMMA was stopped and L-arginine (Sigma Chemical Co.), 300 mg/kg body wt, was given as an intravenous bolus. 10 min later another 30-min inulin clearance was obtained and MAP 30 min after the intravenous injection ofL-arginine was recorded.
In a separate experiment, this same protocol was repeated using 21-d-old male Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN) on either 0.3 or 8.0% NaCl chow for 2 wk. Results were compared between these two groups.
Series 2 (intravenous L-arginine treatment). To examine the effect of intravenous L-arginine and D-arginine on salt-sensitive hypertension, 21-d-old SS/Jr and SR/Jr rats were maintained on 8.0% NaCl chow and tap water ad libitum for 2 wk. They were then anesthetized and surgically prepared as described above. After the 1-h equilibration period, a 30-min inulin clearance was obtained, then the rats received either D-arginine or L-arginine, 300 mg/kg body wt, as an intravenous bolus. The inulin clearance was repeated and MAP was determined 30 min after the bolus. At the completion ofthe inulin clearance, the rats were given another intravenous bolus of either D-arginine or L-arginine, 300 mg/kg body wt. A 30-min inulin clearance was performed and the MAP was determined 30 min after the second bolus.
Series 3 (intraperitoneal L-arginine and L-citrulline treatment). To study the effect of i.p. L-arginine on the prevention of salt-sensitive hypertension, 21-d-old SS/Jr rats were maintained on 0.3% NaCl chow and tap water ad libitum for 2 wk. 2 d before study, the rats were anesthetized with ether and the left femoral artery was catheterized with polyethylene tubing, which was tunneled subcutaneously to the nape ofthe neck. The animals were allowed to recover for 1 d. The diet was then changed to 8.0% NaCl chow and they were given daily i.p. injections ofD-arginine, 250 mg/kg body wt, or L-arginine, 250, 100, or 25 mg/kg body wt. Approximately 2 h before each injection, MAP was recorded in these awake, unrestrained rats for 5 d. The rats given the higher amounts of L-arginine and D-arginine were continued for 2 wk. They were subsequently anesthetized with Inactin and prepared surgically as described in series 1. After the 1-h equilibration period, a 30-min inulin clearance was obtained, then L-NMMA was given intravenously as a bolus, 50 mg/kg body wt, followed by continuous infusion at 500 jig/kg body wt per min. 30 min after the bolus, MAP was recorded and the experiment was terminated.
In similar experiments, L-citrulline, 250 mg/kg body wt, or vehicle was injected i.p. daily for 5 d. After the sixth day, these rats were anesthetized and examined using the protocol described above.
In a separate study, 16 spontaneously hypertensive rats (SHR) (Charles River Breeding Laboratories, Inc., Wilmington, MA) 6 wk of age were placed on 8% NaCl chow and tap water ad libitum for 2 wk. During this time, they received i.p. injections of L-arginine or D-arginine, 250 mg/kg body wt per day. Systolic blood pressures were determined using a tail cuff attached to a blood pressure analyzer (IITC, Inc., Woodland Hills, CA) twice weekly in these rats while in a conscious, prewarmed, and restrained state. At the end of the 2-wk period, the rats were anesthetized with ether and a catheter was inserted into the left femoral artery and tunneled subcutaneously to the nape of the neck. Two rats died inexplicably during the recovery period from the ether anesthesia. The rats were allowed to recover for 1 d, then MAP was recorded in conscious and unrestrained rats. The rats were then anesthetized with Inactin, prepared surgically and the protocol described above was repeated. In addition, urine samples from each clearance period were collected in 0.1 mM 3-isobutyl-I-methylxanthine (Sigma Chemical Co.) and immediately frozen and stored at -20'C. The samples were processed simultaneously for determination of cGMP.
Series 4 (oral L-arginine treatment). This protocol was similar to the one described in series 3. 2 wk after beginning the 0.3% NaCI diet, the left femoral artery was catheterized for recording awake blood pressure as described above. The animals were allowed to recover for 1 d, then the diet was then changed to 8.0% NaCl chow and they were given either D-arginine or L-arginine, 1.25 g/liter, to drink ad libitum for 2 wk. MAP was recorded each morning in these awake, unrestrained rats. The rats were weighed daily and the amount of fluid intake recorded. After 2 wk, the rats were anesthetized with Inactin and prepared surgically as described in the series 1. After the 1-h equilibration period, a 30-min inulin clearance was obtained, then L-NMMA was given intravenously as a bolus, 50 mg/kg body wt, followed by continuous infusion at 500 ug/kg body wt per min. 10 min after infusion began a 30-min inulin clearance was performed. MAP was recorded 30 min after the bolus was given. At the completion of the clearance, the infusion of L-NMMA was stopped and L-arginine, 300 mg/kg body wt, was given as an intravenous bolus. MAP was recorded 30 min after the intravenous injection of L-arginine and the experiment was terminated.
In these experiments, the urine samples from each period were collected in 0.1 mM 3-isobutyl-1-methylxanthine (Sigma Chemical Co.) and immediately frozen and stored at -20°C. The samples were processed simultaneously for determination of cGMP.
Analytical techniques
Plasma and urine sodium concentrations were determined with a flame photometer (model IL-943; Instrumentation Laboratories, Inc., Lexington, MA). Plasma and urine chloride concentrations were determined amperometrically (Buchler digital chloridometer; Buchler Instruments, Inc., Fort Lee, NJ). Concentration of inulin in plasma and urine was determined by the anthrone colorimetric method, which has been standardized in our laboratory (15 
Results
Series I (L-NMMA protocol) ( Table I) . At the time of study, mean age and body weight ofthe four groups were 37±0 d and 162±4 g and did not differ among the four groups (data not shown). After surgical preparation and the equilibration period, baseline urinary excretion rates of sodium (35±12 vs. 22±4 nEq/min per 100 g body wt) and chloride (66+9 vs. 86±13 nEq/min per 100 g body wt) did not differ between SR/Jr and SS/Jr rats on the low-salt chow. The SR/Jr and SS/Jr groups on the high-salt chow had baseline urinary excretion rates of sodium (498±152 vs. 942±179 nEq/min per 100 g body wt) and chloride (759±187 vs. 1,303±225 nEq/min per 100 g body wt) that did not differ and were higher (P = 0.0004) than the two groups on the low-salt chow. SR/Jr and SS/Jr rats on the 0.3% NaCi diet and SR/Jr rats on 8.0% NaCl chow had similar MAPs, whereas MAP of SS/Jr rats on the 8.0% NaCi diet was higher (P = 0.0001) than the other three groups (Table  I) . GFR was higher (P = 0.008) in the SR/Jr rats on the 8.0%1 NaCl diet, compared with the other three groups. L-NMMA infusion produced a rapid (within 2 min) and sustained increase (P < 0.05) in MAP in all four groups; but compared with the increase in MAP in the SR/Jr rats on the low-salt diet, MAP increased to a greater degree (P = 0.0001) in the SR/Jr group on the high-salt diet. The 31.1±0.7% increase in MAP in the SR/Jr group on the high-salt diet during L-NMMA infusion was greater (P = 0.0001) than the other three groups (Table I) . Infusion ofL-NMMA did not change GFR ofthe SR/Jr rats on the low-salt chow, but decreased GFR 37.6±8.6% in SR/Jr rats on the high-salt chow. L-NMMA infusion did not change GFR and increased MAP in proportional increments (22.2±1.5% vs. 21 .4±0.7%) in SS/Jr rats on the two diets. With L-arginine infusion, final MAP was higher (P = 0.00 1) in the SS/Jr rats on the 8.0% NaCl chow than the other three groups, but was lower (P < 0.05) than the baseline MAP of this high-salt group. Mean body weights ofthe low-salt and the high-salt groups of Sprague-Dawley rats at the time of study were 151±4 and 144±3 g. After surgical preparation and the equilibration period, baseline urinary excretion rates of sodium (38±5 vs. 329±124 nEq/min per 100 g body wt) and chloride (54±4 vs. 400±169 nEq/min per 100 g body wt) reflected differences in the dietary sodium chloride intake of the low-and high-salt groups. Baseline MAP did not differ between the two groups (Table I) . Hypertension did not develop in any of the five rats after 2 wk on the high-salt chow. With infusion of L-NMMA, MAP rose further (P = 0.03) in the rats on the high-salt chow. Mean GFR at baseline did not differ between these groups and both increased during infusion ofL-NMMA to comparable lev- Figure 1 . Effects of daily i.p. injections of D-arginine, 250 mg/kg body wt, and L-arginine, 250, 100, and 25 mg/kg body wt, on MAP of awake unrestrained SS/Jr rats on the high-salt diet. At baseline, MAP ofthe four groups of rats did not differ. In the rats given D-arginine, a rapid and sustained increase in MAP from 110±4 to 145±4 mmHg occurred over the 5 d ofobservation. This increase in blood pressure became significant (P = 0.0001) from the other three groups by the second day of observation. MAP remained unchanged in the groups receiving L-arginine, 250 mg/kg body wt per d (108±1 to 108±1 mmHg), and L-arginine, 100 mg/kg body wt per d (108±1 to 107±1 mmHg), and did not differ. An intermediate response was seen in the group given L-arginine, 25 mg/kg body wt per d, with MAP increasing from 1 10±1 to 124±2 mmHg by the fifth day. By day four, the blood pressure response of this group receiving the lowest dose of L-arginine differed (P = 0.0001) from the other two groups given the higher doses of L-arginine. els (Table I) . Because of the variability of the response, however, the increase in GFR of the low-salt group did not reach statistical significance (P = 0.08).
Series 2 (intravenous L-arginine treatment) (Table II) . These rats had been fed the 8.0% NaCl chow for 14 d before study. Mean age ofthe rats at the time ofstudy was 38±0 d and was not different among the three groups (data not shown). After surgical preparation and equilibration, baseline urinary excretion rates of sodium (in nEq/min per 100 g body wt) were 776±103 (SS/Jr-D-arginine), 1,468±458 (SS/Jr-L-arginine), and 789±173 (SR/Jr-L-arginine) and did not differ among the three groups. Baseline urinary excretion rates of chloride (in nEq/min per 100 g body wt) were 1,363±256 (SS/Jr-D-arginine), 1,869±516 (SS/Jr-L-arginine), and 1,169±249 (SR/Jr-Larginine) and did not differ among the three groups. As expected, on the high-salt diet MAP was higher (P = 0.0002) in the SS/Jr rats than the SR/Jr rats; average GFRs were similar in all three groups (Table II) Series 3 (intraperitoneal L-arginine and L-citrulline treatment). Daily i.p. injections of L-arginine, 100 and 250 mg/kg body wt per d, prevented the rise in awake MAP in SS/Jr rats on the 8.0% NaCl diet, but i.p. injections of i-arginine had no effect on the increase in MAP, which developed rapidly and was sustained over the 5 d of observation (Fig. 1) . L-Arginine, 25 mg/kg body wt per d, i.p., partially prevented the increase in MAP in these rats (Fig. 1) . At 2 wk, mean body weights of the rats receiving D-arginine and L-arginine, 250 mg/kg body wt per d, were comparable (Table III) . MAP under anesthesia remained elevated (152±4 mmHg) in the D-arginine group, but was 118±2 mmHg in the L-arginine group. GFRs did not differ between these groups. With L-NMMA infusion, MAP rose to similar levels in both groups, but the percent increase (44.7±3.2%) in MAP was greater (P = 0.0004) in the L-arginine group (Table III) . The 18.0±1.3% increase in MAP in the D-arginine group from L-NMMA infusion did not differ (P = 0.1445) from the responses that occurred in the SS/Jr rats on either diet and the SR/Jr rats on the low-salt diet in series 1 (Table I) .
Daily i.p. injections of L-citrulline, 250 mg/kg body wt, prevented the increase in blood pressure in SS/Jr rats on the high-salt chow (Fig. 2) . When studied on the sixth day oftreatment, mean body weights and GF`Rs did not differ (Table IV) . MAP under anesthesia remained elevated (148±2 mmHg) in the vehicle-treated rats, but was 106±1 mmHg in the L-citrulline group. The percent increase in MAP in response to infusion ofL-NMMA (Table IV) was comparable to that seen in the L-arginine-treated animals (Tables I and III) .
In the spontaneously hypertensive rats treated i.p. with Larginine or D-arginine, mean body weights (Table V) did not differ. Initial mean systolic blood pressures (146±7 vs. 148±6 mmHg; P = 0.8777) also did not differ. Comparable increases in mean systolic blood pressures in the two groups treated with L-arginine or D-arginine were found at the end of the first (164±5 vs. 155±7 mmHg; P = 0.2546) and second weeks (186±2 vs. 189±2 mmHg; P = 0.2106). Awake MAP (165±4 vs. 163±5 mmHg; P = 0.7804) of the two groups at the end of the 2-wk period did not differ. Anesthetized MAP and GFR and the responses to L-NMMA and L-arginine were comparable (Table V) 
(oral L-arginine treatment)
. SS/Jr rats on the D-arginine drink developed increases in MAP on the high-salt diet, whereas those rats given the L-arginine drink remained normotensive (Fig. 3) . One ofthe rats on D-arginine died 10 d into the study. At 2 wk, mean body weights (Table VI) and fluid intake (84±4 vs. 85±4 ml/d) did not differ. Mean GFR and MAP were greater in the D-arginine group (Table VI) . With infusion of L-NMMA, blood pressure increased in both groups. Again, the percent increase in MAP was greater (P = 0.0001) in the L-arginine group, whereas the 17.1±2.2% increase that occurred in the D-arginine group was similar to the increases seen in the SS/Jr groups in series 1 (Table I) . L-Arginine infusion rapidly corrected the blood pressure in the L-argnine group and lowered (P < 0.05) MAP 30 mmHg below baseline MAP in the D-arginine treated rats (Table VI) . Mean baseline urinary cGMP concentration was higher (P = 0.03) in the L-arginine group than the D-arginine group (Table VII). With infusion of L-NMMA, urinary cGMP rapidly Since the original description of endothelium-derived relaxing factor by Furchgott and Zawadzki (16) , several laboratories reported that this paracrine hormone was NO or a combination ofNO and a labile nitroso precursor ofNO (1-4, 8) . NO, a gas that has a very short half-life, has been difficult to measure (4) . Most assays for NO have not quantitated NO directly but instead used indirect means such as cGMP generation (4, 6, 12, 17) , bioassay that examines changes in relaxation of aortic smooth muscle strips (4, 8, 18) , or the effects of inhibitors of NO production (2, 4, 5, 7, 9, 11, 12, 17) . NO has been shown to be synthesized by endothelial cells in vivo and in culture from L-arginine, but not from D-arginine (1, 2, 4, 7-9); synthesis of NO was stereospecifically inhibited by NA-monomethyl-L-arginine (L-NMMA) (1, 2, 4, 7, 9, 17, 18) . Because L-NMMA had no direct constrictor or dilator effects on vascular smooth muscle, this drug increased blood pressure by abolishing endothelium-derived vasodilation through inhibition of NO production (9, 18) . Our current studies utilized this information to demonstrate several new findings in blood pressure regulation in the Dahl/Rapp salt-sensitive (SS/Jr) and salt-resistant (SR/ Jr) strains ofrat. Using L-NMMA as a probe ofNO activity, we showed that NO was present in SS/Jr, SR/Jr and Sprague-Dawley rats on the 0.3% NaCl diet and was a determinant of resting arteriolar tone even on this low-salt diet (Table I) . These data were consistent with previous reports demonstrating a basal release in resistance vessels of NO, which maintained baseline arteriolar tone and blood pressure in humans, rats, rabbits, and guinea pigs (2, 5, 9, 11, 12) . L-NMMA infusion also produced a significantly greater and reversible increase in blood pressure in SR/Jr and Sprague-Dawley rats on the 8.0% NaCl diet, compared with the corresponding strains of rats on the 0.3% NaCl chow (Table I ). In contrast, L-NMMA infusion produced proportionate increases in MAP in SS/Jr rats on both the low-and high-salt chow (Fig. 4) . Finally, provision of L-arginine and its precursor, L-citrulline, but not D-arginine, rapidly normalized blood pressure in hypertensive SS/Jr rats fed the high-NaCl diet for 2 wk (Table II) and, importantly, prevented the development ofhypertension caused by the high-salt diet during observation for 2 wk (Tables III, IV , and VI). In addition, baseline mean urinary cGMP level was higher in normotensive SS/Jr No statistically significant differences were found between the two groups.
rats treated for 2 wk with the L-arginine drink, compared to the hypertensive rats that received the D-arginine drink. Urinary cGMP decreased while blood pressure increased acutely with infusion of L-NMMA; urinary cGMP increased while blood pressure fell rapidly after stopping this infusion and administering a single intravenous bolus of L-arginine (Fig. 5 ). Tolins and associates (12) demonstrated a significant correlation between endothelium-dependent changes in blood pressure and urinary cyclic GMP in Sprague-Dawley rats treated with acetylcholine, which stimulates production of endothelium-derived relaxing factor. Thus, although direct measurements of nitric oxide were not performed in our study, indirect assays that included determination of changes in blood pressure and urinary cGMP, which are the functional results ofNO production, and use ofa competitive inhibitor ofNO synthesis demonstrated an important role of dietary sodium chloride in augmenting NO activity in the SR/Jr strain. NO activity did not increase in the SS/Jr rats in response to increases in dietary sodium chloride and hypertension developed unless provided L-arginine or L-citrulline, a precursor of L-arginine production in endothelial cells (19) . With L-NMMA infusion, GFR fell despite an increase in blood pressure in the SR/Jr rats on the 8.0%, but not the 0.3%, NaCl diet. L-NMMA infusion did not change GFR in the SS/Jr rats on either diet and increased GFR in the Sprague-Dawley rats on the high-salt diet (Table I ). These data suggested that unlike the age-matched Sprague-Dawley and SS/Jr rats, in the SR/Jr rats during high NaCl intake NO was an important factor maintaining GFR, thus facilitating excretion of NaCl and Time, days Figure 3 . Effect of oral L-arginine on MAP of awake unrestrained SS/Jr rats on the high-salt diet. MAP increased from 108±2 to 148±1 mmHg in the n-arginine group, but did not change (107±2 to 109±4 mmHg) in the L-arginine group. Average blood pressures ofthe two groups differed (P < 0.005) by the second day of treatment.
perhaps partially explaining their marked resistance to high dietary sodium chloride intake. Glomerular endothelial cells in culture have been shown to release NO which increased cGMP concentrations in cultured mesangial cells (20) . In separate studies, renal vascular resistance of Sprague-Dawley rats increased with a decrease in NO (5). Thus, the different response ofGFR to L-NMMA in the SR/Jr rats on the high-salt diet may have reflected an enhanced sensitivity ofglomerular mesangial cells, which serve as one control of glomerular ultrafiltration (21), or renal vasculature to decreased NO activity. Our data suggested an important role of NO in salt-sensitive hypertension in the SS/Jr rats. Unlike the SR/Jr and Sprague-Dawley rats, the high-salt diet did not enhance the effects of L-NMMA on blood pressure in the SS/Jr rats (Fig. 4 and Table I ); we interpreted these data to suggest that NO production was not increased in these animals in response to the increase in dietary NaCl. However, another potential explanation for this apparent lack of modulation of NO production was chronic hypertension, which has been shown to decrease endothelium-dependent relaxation of aortic rings obtained from several models of hypertension including the Dahl rat; this defect, which presumably was secondary to diminished production of endothelium-derived NO, corrected when hypertension was reversed (22) . Dohi and associates (23) demonstrated a decrease in endothelium-dependent inhibition of norepinephrine-induced contractions in dissected mesenteric arteries of 16-20-wk-old normotensive Wistar-Kyoto rats, compared with arteries from rats 8 wk of age; hypertension contributed to this inhibition in the 16-20-wk-old spontaneously hypertensive rats. These findings underscore the importance of examining NO activity in young rats that have been hypertensive for a short duration. Our SS/Jr rats were 5-7 wk old and had been fed the 8.0% NaCl chow for only 2 wk, so that they were overtly hypertensive for a relatively short period of time. Intravenous boluses of L-arginine, the substrate for NO synthesis (1, 2, 4, (7) (8) (9) , acutely decreased blood pressure of hypertensive SS/Jr rats to levels similar to the SR/Jr rats (Tables I and II). In contrast, L-arginine did not lower blood pressure in spontaneously hypertensive rats, which had blood pressure of elevation and duration comparable to the SS/Jr rats (Table V) . Thus, although the absence ofaugmented NO activity could have been secondary to the effects of hypertension itself, the resistance vessels of the hypertensive SS/Jr rats responded rapidly and appropriately to the addition of the substrate for endothelium-dependent relaxation and allowed blood pressure to return to normotensive levels. This vasodilatory effect of L-arginine occurred selectively in SS/Jr rats and not in spontaneously hypertensive rats. More importantly, our data also showed the efficacy of Larginine in the prevention of hypertension in SS/Jr rats but not in the spontaneously hypertensive strain ofrat. Daily intraperitoneal injections of L-arginine or L-citrulline as well as oral L-arginine prevented hypertension in SS/Jr rats (Figs. 1-3) . Prevention of hypertension occurred in a dose-response fashion, with doses as low as 25 mg/kg per d achieving some effect. In contrast, parenteral doses of L-arginine, 250 mg/kg per d, did not prevent development ofhypertension in spontaneously hypertensive rats (Table V) . D-Arginine had no effect on blood pressure regulation in the SS/Jr rats and L-arginine did not lower blood pressure in the SR/Jr rats. In SS/Jr rats, L-arginine also increased urinary cGMP (Fig. 5) , another index of NO activity (12). In our hands, after 4 wk on the high-salt diet, SS/Jr rats (n = 16) on oral L-arginine were normotensive with blood pressures similar to SR/Jr rats (n = 8) on the same diet (SS/Jr rats, 1 15±2 mmHg vs. SR/Jr rats, 1 15±2 mmHg); 10 of 16 SS/Jr rats on the high-salt diet alone died during the period of observation (unpublished observation). While on the highsalt diet, SR/Jr and Sprague-Dawley rats but not SS/Jr rats demonstrated an augmented blood pressure response to L-NMMA; provision of the substrates for NO restored this augmented blood pressure response to the inhibitor ofNO production in SS/Jr rats (Fig. 4) . Recognizing there are potential differences in the physiological and biochemical characteristics between SS/Jr and SR/Jr rats, the data, taken together, support the hypothesis that one of the defects producing hypertension in the SS/Jr rats was a reduced NO production which could be corrected with L-arginine.
NO synthase has recently been purified by Bredt and Snyder (24) . This 1 50-kD enzyme requires NADPH, calmodulin, and calcium to convert L-arginine to L-citrulline and NO (24) . Immunohistochemical studies have localized this NO synthase in the rat to various neurons throughout the brain and to the endothelium ofblood vessels. Immunoprecipitation ofthis protein from solution or addition of benzylnitroarginine, another guanidino nitrogen-substituted arginine molecule, inhibits production ofNO (25) . Thus, along with several essential cofactors, a single gene product, NO synthase, may be responsible for NO generation by the endothelium.
We conclude that the salt-resistant Dahl/Rapp rats responded to an increase in dietary NaCl by augmenting NO production which served to maintain a constant blood pressure despite a high salt intake. Salt-sensitive Dahl/Rapp rats developed hypertension on the high-salt diet unless provided with exogenous L-arginine, which prevented the hypertensive response. The antihypertensive effect of L-arginine was not nonselective because it did not prevent the increase in blood pressure in the spontaneously hypertensive rat, nor did L-arginine lower established hypertension in these animals. While an abnormality linked to the renin gene locus (26) and renal impairment ofsalt excretion (27) may also play a role in development ofhypertension in these rats perhaps by augmenting salt retention while on a high-salt diet, our data indicate that either L-arginine availability or the activity ofNO synthase is abnormal in the salt-sensitive rats. We would suggest that the gene encoding Figure 4 . Results of L-NMMA infusion on MAP in SS/Jr, SR/Jr, and Sprague-Dawley (SD) rats. Dietary sodium chloride (0.3 or 8.0%) intake is shown in the legend; two additional groups of SS/Jr rats received oral i-arginine or L-arginine plus the high-salt diet. An increase in dietary sodium chloride increased (P < 0.01) the blood pressure response to L-NMMA in the SR/Jr and SD rats, but did not change the response in SS/Jr rats unless they had also received L-arginine.
patients (30, 31) . Thus, abnormal NO synthase function may be a major factor producing essential hypertension, especially the salt-sensitive variety, by impairing endothelium-dependent arteriolar relaxation. It remains to be seen if a defect in NO synthase is involved in the development ofarteriolar hypertension in defined subsets of human essential hypertension. . Effects of infusion of L-NMMA followed by L-arginine on blood pressure and urinary cGMP levels in SS/Jr rats on the 8.0% NaCi diet and receiving either L-arginine or D-arginine in their drink for the previous 2 wk. At Rapp (28) , cross-breeding studies to show that this gene cosegregates with the hypertensive phenotype will be necessary to confirm this hypothesis. As hypertension persists, the effects ofNO on vascular smooth muscle would be impaired further (22, 23) , aggravating the hypertension and thus producing a positive feedback loop. The other possibility, that there is a defect in L-arginine handling or production in SS/Jr rats, seems less likely because oral L-arginine and intraperitoneal L-citrulline, an amino acid precursor for L-arginine in endothelial cells in culture (19) and in the kidney, protected SS/Jr rats from hypertension, suggesting the absorptive pathway for L-arginine in the digestive tract and L-arginine production were intact. Recently, Sessa et al. (29) showed that biosynthesis ofendothelium-derived relaxing factor by bovine aortic endothelial cells in culture was limited by the availability of intracellular L-arginine. Our study is the first in vivo demonstration that increased substrate availability can overcome a functional defect in NO production. To the extent that these results are applicable to humans, two recent reports confirmed a defect in acetylcholine-stimulated endothelium-dependent relaxation in the brachial arteries of patients with essential hypertension, compared with normotensive controls (30, 31) . Endothelium-independent arterial relaxation from infusion of sodium nitroprusside was not altered in these
